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Local environment surrounding Y atoms in Y2O3:Tb nanocrystals under various heat treatment
conditions has been investigated by using the extended x-ray absorption fine structure ~EXAFS!
technique. X-ray excited luminescence ~XEL! with the incident x-ray energy near Y K edge and Tb
L edges has also been measured to investigate the mechanisms of x-ray-to-visible down conversion
in these doped nanoparticles. The observed changes in EXAFS, XEL, and photoluminescent data
can be explained on the basis of increased average size of the nanoparticles as confirmed by
transmission electron microscopy studies. Our results thus demonstrate that the doped nanoparticles
can agglomerate to a controllable degree by varying the heat treatment temperature. At higher
temperatures, the local environment surrounding Y atoms in the nanoparticles is found to become
similar to that in bulk Y2O3 while the XEL output still shows the characteristics of nanocrystals.
These results indicate that appropriate heat treatment can afford an effective means to control the
intensity and signal-to-background ratio of green luminescence output of these doped nanocrystal
phosphors, potentially useful for some device applications. © 1999 American Institute of Physics.
@S0003-6951~99!02442-0#Nanometer size crystalline particles ~nanocrystals! are of
considerable interest for both fundamental studies and tech-
nological applications.1 Due to the effects of quantum con-
finement, these nanocrystals exhibit novel optoelectronic
properties. In the usual sense of size quantization, the elec-
tronic energy levels in the nanoparticles are proportional to
the inverse square of the particle radius R, and the level
broadening dE is related to size variation dR through
dE/E52dR/R . For device applications, the general need of
sharp transitions between the size-dependent quantized-
levels places a stringent requirement on uniform size distri-
bution of the nanoparticles. Efforts to make highly uniform
size nanoparticles in the past have met with technical diffi-
culties, especially for particles with size smaller than 5 nm.
We have taken a different approach to realize the effects
of quantum confinement by introducing localized impurities
into the small particles.2–4 In the doped nanocrystals ~hence-
forth referred to as DNC!, or doped quantum dots, emission
wavelength of a localized impurity ~e.g., rare-earth activators
like Tb31) is insensitive to the variation of the size
distribution.2–4 This allows the possibility of bypassing the
stringent requirement of controlling the size of the nanocrys-
tals. The characteristic luminescence is mainly dictated by
the transition within the localized impurity in the doped
quantum dot while its oscillator strength ~e.g., absorption in
the UV region! is modulated by the size of the nanocrystal-
line host. The basic observations have already been dis-
cussed in Ref. 4. More detailed variation of the absorption as
a function of nanoparticle size will be reported in the near
future.5
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control the DNC building blocks with various surface-to-
volume ~S/V! ratios; for example, by reducing the nonradia-
tive recombination of electron-hole pairs near the particle
surface through a control of the nanoparticle size and passi-
vation. Reported UV-excited photoluminescence quantum
efficiency achieved in these DNC phosphors is already com-
parable to the best commercial bulk phosphors ~;80%–
90%!. A conceivable approach to control the S/V ratio, and
thus the characteristics useful for device applications, is by
varying the state of agglomeration of DNCs through heat
treatment. To this end, two DNC systems under different
heating conditions have been prepared and investigated by
using two x-ray techniques, viz. x-ray excited luminescence
~XEL!6 and extended x-ray absorption fine structure
~EXAFS!.7–11
In order to induce agglomeration of the nanoparticles,
these samples were heated between 300 and 500 °C. The heat
treatment temperature for sample B is 50 °C higher than that
for sample A. Measurements of XEL and XAFS were per-
formed to study the changes in the size-dependent energy
transfer mechanisms between the Y2O3 host and Tb lumines-
cent centers and the local structures, respectively.
Transmission electron microscopy ~TEM! studies of
sample A showed that the size distribution of nanoparticles is
mainly around 3–5 nm ~see Fig. 1!. On the other hand, TEM
and associated diffraction studies of sample B ~heated at a
slightly higher temperature of 50 °C! showed that the nano-
particles have agglomerated, although traces of some small
particles are still visible.
The effects of changes in the average size of nanopar-
ticles with heating are also found in the photoluminescent4 © 1999 American Institute of Physics
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Downexcitation ~PLE! and photoluminescent ~PL! spectra of
samples A and B. A comparison of the PLE and PL data of
these samples with a bulk Y2O3:Tb31 is shown in Fig. 2. For
sample B, while the absorption peak around 310 nm remains
similar to that in the bulk, the peak located near 270 nm in
the bulk has now shifted to 250 nm. This observation indi-
cates that although sample B mainly consists of large par-
ticles and behaves bulk-like, it also contains some compo-
nents of small nanoparticles which are responsible for the
shifted peak. However, sample A shows some basic features
entirely different from those in the bulk; the peak at 310 nm
has disappeared, and a strong peak is now present around
240 nm. The drastic changes in the PLE spectra of this
sample are viewed as essential characteristics of the doped
quantum dots. These results are also consistent with the PL
results, as shown in the inset of Fig. 2. In the PL spectra, the
ratio of intensities of two split-off lines around 543 nm has
changed from 1.1 in the bulk to 1.5 in sample B, and to 2.5
in sample A. These PLE and PL features strongly support the
fact that thermal treatment of an additional 50 °C can result
in a large portion of quantum dots in sample A to be con-
FIG. 1. A typical TEM micrograph showing the size of Y2O3 :Tb doped
quantum dot in sample A. the width of the picture frame is 6 nm.
FIG. 2. Photoluminescence excitation spectra of samples A, B, and bulk
Y2O3 :Tb. Inset: photoluminescence emission specter of the same samples.loaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP liverted to bulk-like behavior in sample B due to agglomera-
tion. These observations are also consistent with our EXAFS
and XEL measurements discussed below.
The Y K-edge EXAFS and XEL spectra near the Y K
and Tb L edges of both nanocrystal samples A and B were
measured at beamline X3B1 of the National Synchrotron
Light Source at Brookhaven National Laboratory. For com-
parison, EXAFS and XEL measurements were also per-
formed on a bulk Y2O3 sample and a bulk Y2O3:Tb sample.
A custom-made experimental setup was used to collect the
XEL data, as reported elsewhere.6 The EXAFS x functions
were extracted from the raw data by using a well-established
background subtraction and correction method.7,8 The EX-
AFS x functions and their Fourier transforms are shown,
together with theoretical curves obtained from curve fitting,
in Figs. 3~a! and 3~b!, respectively. The XEL spectra near the
Y K edge and Tb L edges are normalized to the pre-jump
intensities at 17 and 7.5 keV, respectively, as depicted in
Figs. 4~a! and 4~b!.
As shown in Fig. 3~a!, the EXAFS x funciton of sample
B appears very close to that of bulk Y2O3 as well as that of
the bulk Y2O3:Tb. On the other hand, obvious differences
can be seen between the data of sample A and those of the
FIG. 3. ~a! Weighted Y K-edge EXAFS x functions. ~b! Fourier transform
of Y K-edge EXAFS x functions. Fine lines: experimental data; coarse lines:
theoretical calculations using parameters.
FIG. 4. Intensity of x-ray excited luminescence ~XEL! near ~a! Y K edge,
and ~b! Tb L edges. All the plots have been normalized with respect to a
point before the first edge jump in each case at 17.0 and 7.5 keV, respec-
tively. Curves have been shifted vertically for the sake of clarity.cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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Downbulk Y2O3 and Y2O3:Tb compounds. From Fig. 3~b!, we can
also see the similarities between sample B and bulk Y2O3 in
the Fourier transforms up to the third neighbor ~predomi-
nantly Y! peak while sample A shows a diminished second
peak and the third neighbor peak is absent.
For a more quantitative comparison, the local structural
parameters obtained from curve fitting exhibit close similari-
ties between sample B and bulk Y2O3 as well as bulk
Y2O3:Tb up to the fifth neighboring shell. However, for
sample A, the distance from the central x-ray absorbing Y
atom to the first neighbor ~O! shell has changed to 2.25 Å as
compared to the bulk value 2.27 Å; the coordination number
for second neighbor ~Y! shell ~at 3.51 Å from the central Y
atom! has decreased from 6 in the bulk to 3.5.
The diminished amplitude of the first Y neighbor shell
and missing higher neighbor shells in the Fourier transform
of sample A are typical features of nanoparticle samples.6
This result shows the drastic local structural variations when
the size of a bulk system is reduced to nanometers, giving
rise to the large extent of structural disorder and an appre-
ciable fraction of Y atoms are located near the particle
boundary.6 It follows that, and also from the PLE and PL
results, heat treatment of sample A does not cause any ap-
preciable agglomeration of theY2O3:Tb nanoparticles, hence
there is no significant increase of the average particle size
after heating. On the other hand, the local structures around
Y in sample B are similar to those in the bulk Y2O3, as
evidenced by the EXAFS data, this indicates that for only an
increase of ;50 °C in heat treatment above that for sample
A, appreciable agglomeration of Y2O3:Tb nanoparticles has
occurred in this sample. These results show that an effective
means to control the size of agglomerated nanoparticles can
indeed be realized by varying the heat treatment conditions
in a relatively low temperature range of 300–500 °C.
A comparison of the x-ray excited luminescence ~XEL!
spectra for samples A and B with bulk Y2O3:Tb near the Y K
edge and Tb L edges can be found in Figs. 4~a! and 4~b!,
respectively. The XEL results allow us to investigate the
energy transfer mechanisms converting the absorbed x-ray
energy to Tb luminescent light output in the doped nanopar-
ticles. The XEL spectra are all normalized with respect to the
intensity of a pre-jump point where the contribution of the
low concentration Tb atoms to XEL is negligible. At the Y K
edge @Fig. 4~a!#, the magnitude of normalized XEL jump of
the sample B appears closer to that of the bulk Y2O3:Tb,12
and is higher than that of A. However, the normalized XEL
data at the Tb L edges @Fig. 4~b!# exhibit a different feature:
the XEL spectrum of bulk Y2O3:Tb shows little structure
except for some very weak jumps at the Tb L edges, and the
normalized XEL of the Tb-doped nanoparticles appears to be
enhanced. This effect can be explained by a model based on
the size-dependent background used for normalization as dis-
cussed in our previous work.6
On the basis of a model proposed before,6 the XEL out-
put due to the Tb impurity levels actually arises from three
sequential processes: ~a! absorption of x-ray energy by all
relevant atoms in the nanoparticle, either the host or the ac-
tivator ~Tb! atoms, or both; ~b! transfer of absorbed x-ray
energy to Tb through all the allowed channels, and ~c! re-
combination of electrons and holes pertaining to the Tb im-loaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP lipurity levels, thereby giving rise to the characteristic ~green!
optical emission. Process ~b! in particular is size dependent if
a large fraction of the atoms responsible for energy down
conversion are residing near the nanoparticle surface. At the
Y K edge, the absorption process ~a! is all due to the host
atoms, thus the ratio of XEL edge-jump to the pre-jump
background ~hence the normalized XEL output! is essentially
independent of the Tb concentration. On the other hand, the
absorption process ~a! at the Tb L edges is involved with
x-ray absorption by both the host and Tb atoms; the ratio of
the XEL jump to the pre-jump background therefore depends
on the Tb concentration. The difference in XEL intensities
between samples A and B @Fig. 4~b!# can therefore be ac-
counted for by the different contents of Tb in these two
samples.
In conclusion, our EXAFS results show that agglomera-
tion of nanoparticles in the specially designed Y2O3:Tb sys-
tems can be controlled by heating the materials at a moderate
temperature in the range between 300 and 500 °C. The local
environment surrounding Y atoms can vary from typical
nanocrystal to bulk-like structures with only a slight increase
of 50 °C in the heat treatment. However, as indicated by our
XEL data, a heated Y2O3:Tb sample with bulk-like local
structures around Y still shows size-dependent behavior
characteristic of the particle boundary effects although the
nanoparticles have agglomerated to form larger aggregates.
All these observations are also consistent with PLE and PL
measurements. The capability of controlled agglomeration
and yet maintaining the basic characteristics of isolated
nanoparticles could be of technical interest, such as forma-
tion of microchannels for various x-ray imaging and opto-
electronic applications.
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